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INTRODUCTION

Numerous ﬂighf tests of the X-21 aircraft have shown total loss of L¥C
while flying within, or in the prdximity of, visible clouds. Inaddition, 'erratic
LFC performance has been observed in conditions of light haze when the

humidity of the air is relatively high.

An investigation of the phenomena which might account for loss of LFC in, '
r near clouds and for the erratic performance in light haze has been conducted
he naenoriana considered in the investigation are classified as either thermo—
dynamic oZ’scts or mechanical effects. The results derived from the study of
tnerrecdymoraic effects are documented in Reference 1. All of the thermodynamic
shenomena considered appeared highly unlikely in contributing to the loss of LF¥C -
i ciouss :1..‘x:1‘3.ight haze conditions. The results and conclusions from the study _

of-machanisal effects which have led to probable identification of the problem,
mes FuienC in this document Recommendations for follow-on Work are also

CONSIDERATIONS OF THE FLOW DYNAMICS

/—' gas streamlmes

particle

trajectories
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Consider the heterbgeneous_ flow of 2 gas-particle suspension approaching
an airfoil. The obstruction produced by the presence of the dirfoil alters the

" gas velocity magnitude and direction in the vicinity of the airfoil. The presence ‘

of the particles, if low in coneeﬁtration,_ does not appreciably affect the inviseid -
flow ﬁe}.;zf af the gas. The boundary conditions imposed on the gas flow require
that the gas velocity be zero at the airfoil surface with gas streamlines vn'tually '
parallel to the surface in the region immediately adjacent to the airfoil. The '
“flow! direction and speed of the particles, however, are not-gbvernéd by' these
boundary counditions and in general will deviate from the gas streamlines and gas
speeds. In the hrmtmg case of very small partxcles, the gas-particle suspension

- will 2c¢t as 2 misture of two gases, one having a high moleculax weight. For this

limiting case aerodynamic forces will determine the particle motion and the par-- . E
ticlen will fullow the gas streamlines and maintain a speed equal to that of the gas,

_ with no impingement of the particles on the airfoil surface. In the um;iting case

of verv large parﬁcles, the particle inertial forces will predominate and the
pavticioa will travel in straight lines at free stream velocity until they impinge L

_ en the airfeil surfacé.. This condition obviously gives rise to a relative veloeity
' ﬁetween ihe zas flow and the partxcle “flow" within the region of influence of the

aic foil. Tke trajectory and speed of any finite size particle will lie between the
a?: cve iwe limiting cases, although the particle size and: gas flow cond;tions of
41-3-g.~ «est in the current study approach the latter limltmg casé. - That this is in

o the cage will be shown m a subsequent section of this document. i

For the above condxtion, in which a sizeable relative velocxty exists between .
the particies and the gas flow in the viginity of the airfoil surface, or more
specifically, within the boundary layer itself, the fonowmg question is posed
By uhat basic mechanism could particles passing througH the laminar hwndary
layer m“ﬁe transmon to a turbulent boundary layer? A review of llterature on’

D S

. the natuve of transition from laminar tc turbulent flow by both natural transztion =

and artificial distarbances provides some insight to the problem. Although

"Adiﬁferent qualitat tive descriptions of tae fine details-of the transition process

exist depending upon' the nature of the disturbance, the nartmular experiment
and the investigator's personal interpr etatmn of the resul s, there appears to be



general agreemant on the basic mechamsm of turbulence initiatwn and propaga-
" tion. 1 A generai description of the transition mechanism follows.

| mxsmm.mmms»@ ‘

Natural transi;‘ioﬁz‘ Consider the flow of a viscoxis fluid over a walt in the
absence of all external disturbances, and in the absence of an adverse pressure .
gradient.” Under these conditions an mxtm.lly laminar bounday layer would remain
iaminar at indefinitely high Reynolds numbers. In any real flow, however, smau
rando.:x disturbatices such as random motions in the freestream, surface irregular—
ities; and surface vibration, exist. Each of these individual dismrba.nces to which.

. the boundary layer is subjected is either amplified or dampened as itis pmpagated
: 5 .,u:um’.» Fhoan gam-‘nom ‘\mthdﬁ?"! 153}'@1‘ denﬂﬁdfhﬂ‘ on the amnhtude aﬁd mmemv Of

5‘3 AN - AL T

the disturbance and on the stability imit of the boundary layer at tﬁé polnt of the

| . 'i* sturtanca. As the Reynolds number of the bounda.ry layer is incs:eased -and the
;“" i1smy Hiait is reduced, the amplitude and frequency produced bya small d:xs-»

' (turbancf will be sufficient for the disturbance to feed on the mean shear motion of
ﬂow rather than decaying. This will result in amaliﬁcation of the dismrbanee to

-a high enough energy level to cause a local breakdown of the Iammar ﬁow intoa

rzzree—wv »snsional vortex loop 3 or tiny mrbulent spot. The turbulent spot i3 then o
' vcsf.vecteq e.ownstream, eating into the adjacent lammar shear ﬂo*v of the bonnéary'

_ ._ayer in «i dn:ez.tmns relative to the fluid carrying it. The rate’ of growth of the
O turbulence into the ad;acent laminar shear flow as it is convected dovmstream is
such that the turbulent patch sweeps out 2 wedge wzth time w’mse ha1f~ang1e is

ap;fmxxmately 10 for subsonic ﬂow. ~

o i
s T Sy

1 = #. . a5
= ‘ _Sm. References 2 tbrough 8. : : ‘
ey ‘Natural transition is defined here as tr..nsitlon caused by the small random
L .:'d1sturbances present in any real flow as dpposed {o artificial transition which
. is defined as transitzon prod.zced by in‘roducmg artif*c.a.l dismrbannes in the
Coo flow, . A -
' 3 . The formation ofa three-dimen‘sional vortex loop isa necessary pre-

’ . requisite to the formation of 2 turbulent spot. (Reference 18) .
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' Pmpagation_ efﬂa Turbuleﬁt Pateh .

Tha zhove described disturbance amp}.iﬁcatmn process oecurs at randomly :

disiributed times and positions within the boundary layer in the transition regime.
s, the flow at any point in the transition regime will be intermittenﬁy laminar

turh: :mt. That 1s, each point in the boundary layer in the transition regime’
| ceept during those periods of time during which a turbulent patch
' fis conv.,e,,ed by Sines the turbulent patches grow as they are conveeted down=
s‘;:rcxm. the flow becomes increasingly turbulent as one progresses downstream.
S until at gome distancedewnstreamthe turbulent patches coalesce and fully cover

At this point the transitmn region ends and 2 ‘uny deveioped tnrbu—

-U

P |
f-?

L %ﬂ 2 gL PIBCG.
Clent bomwry layer prevails.

ixcial T:gggit;on . Vanous transition experiments have been eendueted
whieh transition is mdxzced by introducing artificial disturbances into the 2
laminar bnundary layer. Of partxcu!ar interest in the current study are experi-
ments inwhich transition was indueed by point source artifieia}. distarbancea. 3
The results of experiments of this type indicate a transition mechanism essentially

d“ﬁs 1¢al to that described above for the precess of namral transii;ion. The results

f_rem two expenments in which transitien to. turbu}.ence was mduced by point seurc%

o artxficzal disturbanees follow.

~ The “irs« experlment consmts of fmmo‘ sphermal cylmdrical or conical

.v""efipping" elements on the surface at an arbxtrary position in a region of laminar

2 ; S . ; . .
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ﬂowl. Provided the Reynolds number of the boundary layer is greater than the
. critical value below which a disturbance of any amplitude is dampened, three 4
‘distinet patterns may exist: (1) the element may, be small enough such that any u : o
disturbance created by the presence of the element is dampened; 2)-the eiement‘ . b
size is such that the distarbance produced is amplified in the mannor described
previously for random dismrba.noes, deve;opmg intoa turhulent spot at some

disiance downstream of the element; or (3) the eleme.nt size is large enoughto -

produce a turbulent spot 1mmedxate1y behind the element. -For the first conditioh

the total flow is undisturbed by the presence of the eleraent. For the second and

third condition a statmnary turbulent wedge is produced downsiream of the initial
mrbu'ent spot. The half-ang‘e of the turbulent wedge is essentially the same as .
the wedge swept out by the: propagation of a turbulent patch of 2 natural transition . - . .
process {i.=., approximately. 10° ). The mechanism of the turbulence propagation

dovmstream from the initial furbuient spot is the same as that for the matural
,transx*in process, the only dlfference being that the turbulent spOt is oontinuous. -
rather hat 'ocahzed in time for the case of the fixed tripping element. : e =

T Armh « rather interesting transition experiment pertment to the oun‘ent
'3

study is that of inducing turbulence by artificial dzsturbances localized in time®,
In these experiments point dzsfnrbances were produced by a spark dlscharge into
;,ha heundary layer and by popping a small pro;ectmn into the boundary iayer ﬁ-om e

the uadez g -*;*"face. The time duratzon of all the disturbances was less-than . 005 _
s»‘.‘cozni.~ *. Forthese experiment.s the mechanism of propagation of amrbulent
patch dmmtream of the initlal disturbance was identical to that described for "

the process of natural transition . . That.is, a turbulent paich, ofjthe same«shape ‘
as for the natural transition process, originated at the initial disturbance. and was

convected downstream, sweeping out a2 wedge with time whose half—angle was .

T

A approximately 10°, . S T

b "PReferences 14 and 16.

2 " From here on such a boundary Iayer wzli be referred to asa bmndaxy layo;:
: of infinite stability limit. For a flat plate the region of "infinite" stability -
lHmit is Re < 6".03C(Re9< 162). For the X-21 aircraft, the region of "infinite"

. stability is approximately Re,< 100 which corresponds to the first few tenths
- of an inch from the smgnatxo?pomu. : oo o L

" Reference 6. IR . S
The minimum duration for tne ais’urbances was not smted. : e L
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Having gained some insight for the basic mechanism of turbulence initiation
a_nd propagatién from a point source disturbance leads one to the pertinent conclu-
sion that a necessary and sufficient condition for the production of a growing
turbulent patch in an otherwise laminar boundary layer is the introduction of a
very small turbulent spot, provided the boundary layer has a finite stability limit.
A necessary condition for the creation of a turbulence spot is a three-dimensional
vortex loop. Furthermore, the duration of the disturbance that produces the
turbulence spot need be only a brief instant in {ime. Then, the general problem
at hand of determining the basic mechanism by which particles passing through
the 'boundary layer could cause transition is reduced to one of determining the
criteria by which particle:s passing through the boundary layer produce a small
turbulent spot. This is the subjzet of the next section. '

INITIATION OF TURBUL: 4T 39078

" Consider a particle wassing iiwougl ¢ leminar boundary layer at a generally
oblique angle to the surface. A coordinatc system which moves with the particle
reduces the problem to onc of = non-stationory fiow past a fixed particle as shown.

\

)

el
___.-O
—

1 "Although the flow is actually non-stationary relative to the particle, a qu:isi—

stationary condition is assumed to exist at any instant for the discussion
.that follows. InacZiiion, the particle is assumed small compared to the
boundary layer thickness such that the particle "sees' a uniform appr oachmg
fow rather than a {low with a velocity c-rud'ent .
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- particle?- The answer to this qxtestzon is provided by a study of the wake stmc-

- function of the particie Reynolds number and geometry o: the partzcle and may
.. fall into one of four categones. ' Th1s is illustrated in Fioure 1 which shows the

- exists between the generation of vor aca‘y in the uaunuary laver aod $%e difusion f S
: of vorticity from the wake into the mainstream.. ‘As the Reyaolds '1.@;&::; is i~ o
v than the rate at which- vorticity can be continuously diffused irown the wae.e inte

intervals by sheddmg of free viscous vortices which move dei zz;s:.rmm witb no
-, faxther passxbxhty of the ﬁuxd wzthm the vortex to becom L uu&tmt. Tﬁe vmrsm

g iaminarwahe. N A . PR o 3

aiihough at less periodic mtervals These vortices whzch b"ea!x away from the -

P

The qnestion to. be answered is: Over what range of relative veloc:.ties

u, = p— u(y) is any turbuience produced in the ﬂcw fmld by.the presence of the o

-ture behind the garﬁcie. The wake stmeu:re, or wake cmxfigumhon, is a

Reynolds number regime for varmus walce characterzstics for a cyimder and a
sphere in subsonic ﬂow : : o

v At low values of Reynolds number (i. e., R < 40 for a e:,rI nder) a steady
- laminar wake is formed behind the partlcle .- This wake cazzﬁﬁzzr"‘mn is a stable

viscous configuration in which a laminar free shear layer {t’w separated houndary i
layer} separates the wake region from the external flow. An equi iz “iata rate

creased the: steady Iarmnar wake i is transformed into a perimic hmzm? mffw
For this configuration, the generatxon of vortmxty in the bowsd ry layer is groaier

the mainstream‘ This results in the release of vortmlty fr'zm the- waxse dt r:;gsdar e

lammar wake confxauratmn isa stable vzscous confxmratirn 2z 18 thc .uaéj

As the Reynolds num}:er contmues to mcrease, thé laminar-turbalent - ‘ S

’ -transition regime prevaﬁs (150 S Re $300 for a cyhnder) In thi iz wake conﬁgurw

ation turbulent spots occur in the mherently low stability fre:e shear laye;: ii:self
As in the case of the pormdic laminar wake, free vortices are shod fmm the wake,

Lo
. S
- ——— . B

W - ..-.,—»-... SO

1 s i ot T e o

’If the ”P,,rnolds nwnber is very J,ow (Pe s 10) there mll b= flow
sapa.ratlon behind: the, par»:.cle. :

Free sheur ..;yers are inherently less stame than wuudary Myexs in tha;
there is no surface present to dampen disturbances. _
R ’
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- turbulent vortices at zrregular intervals. The primary reason for the highex

Al

‘ surfaca condition; suctmn quants.zy. vibratz.on, heat ¢ input etc:., mthin the ami ,

. wake into the mainstream in the transxtmn range, are predamimtel) composed
[ of turbulent fluid, In the transition range the wake behind the particle takes on

irregular asymmetric characteristms. At still higher Beymlds mmbars .
(Re = 300 for a cylinder) the free shear layer becomes totally inrﬁulent, shedding

i

Beynolds number for a given wake structure for a sphere compared to a eyiiader
as seen in Figure 1 is attributed to the lower velocity at the saparation point of -
the sphere for the same free stream velocity (i.e., free stream Reynolds: number)

_ This results in a lower character 1stic Reyno'ds number of the mparated free

et

shear layer. :

: From the above descnptmn of the wake ¢haracterxstwa be!zim. a biuff body
one can conclude that the initiation of turbulent spots Into the mam .rea.mi‘, o
which is a sufficient condition for the production of a growins. furhulons pa&r% in
a boundary layer flow of finite stability, is coincident wzth the m}*set Gf wake
transitmn. Furthermore, it is sesn that the onset of wake b msxt &fmuﬁ%ﬁﬁ* 2
only on the particle Reynolds number and geometry of the particie, iw..h of which - "*"‘ :
are constants for subsonic speedsz. The observation that a furbulent spot -
introduced into the boundary layer is a very localized effect; both in time and :
positmn, carries very sxgnif‘caat overtones. This observation leads to the pover-
ful 1mpiicahon that turbulence produced by partxcles in passingihrough ks = e '
initially laminar boundary layer is; independent of all other efiecix such 23 £
boundary layer Reynolds mmber, free. stream turbulence, press sure gradiwt,

N

s ¥

1 Rkis. recalled that “mams*team" as defmed in this sectic_m is the bmmdary

layer flow of the overall problem bemg mvestzoated

2 ' The particle Reyno‘ds number at the cnset of wake transztxon mcreases

_'thh Mach number at supﬂreomﬂ spﬂeds. )

. 9 - . K TR B CRR ¥ Lo P
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limits of these parameters]‘. These ejects, all of which combine to affect the
stability of the boundary layer and/or the point of natural transmon, should not i

i affect the basic process deacribed previously by which a mrbulent spot ia

- V.

- layer stability and the location of natural transition.

, @FAQE EQUG&E__E_S FXPFimIL‘AL “'{"‘5

V.mitiated by a very small pm:txcie passing ﬁn-ough the boundary layer.

. The next sectm of this report will atterapt to provxde furthez' eredence to E
_ the hypotheses put forth in the above arguments, namely: (1) that the onset of
particle wake transition is the proper criterjon for the breakdown cf laminar
flow; and (2) that the process by which this laminar flow breai\down takes place is,
to the first order, independent of the usual parameters which affect the bo:mdary

*

Various experimenns have been onduc sed to determine thg;:’ fe
dimensional roughness elrments, thres~dimensional roughness. ;

_ distributed roughnesses <n houndary izyer m.nszt:.on?‘. - Although. tﬁse exper'—

ments differ fromthe cur:es problem in tha* thé roughness elerients are fixed

- onthe surﬁce, the basic phenomena involved in producing transztiaﬁ of the

- laminar boundary Iayer aye the same. The msults obtained from ﬁiese experi-

these experiments as rei-e t2d fo t;m current smdy are given below.

#

The results from several e}meximarts on the effect of three-dimensional

roughness or "tripping" elements on boundary layer transmon have been
reported. The roughness elements used in these experiments were predommanﬂy

_’ spherical, cylindrical, and ¢onical elements attached to the surface. The results

-

Obviously, extremes of most of these parameters must be exciuded.
For instance, 2 boundary layer Reynolds number or pressiure gradient

for which the boundary layer is of infinite stability, ultra high frequency
- free stream turbulence or vibration of the same order as the vortex-

sheddmg frequency of the element (0 (10 8)/sec), suction to the extent

of essentially sucking off the en’fxre boundary layer and re—establishmg

2 new bounddry layer, etc. .

- References 13 through 20.
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of these experiments, which have been correlated on an empirical basis, have
shown the roughness Reynolds number, that is, the Reynolds number based on

the particle height, k, and on the velocity in the undisturbed boundary layer at

the particle height, Uy to be the only significant parameter upon which transition
of the laminar boundary layer depends.l These data show no effect of the rough-
ness element below a certain critical roughness Reynolds number (i.e., Rek% 600
for a sphere). Above the critical roughness Reynolds number premature transition
of the boundary layer occurs, moving rapidly to the roughness element as the
roughness Reynolds number is increased further. A turbulent wedge such as
described in Section III is formed behind the roughness element provided the Jocal
boundary layer has a finite stability limit. These experiments have shown that a
rezion of infinite stability exists in which the laminar beundary layer is unaffected
by a particlie of any size. This region of infinite stability has been found to corres-
nond very ciosely to that predicted ‘hv Tollm1en (i.e., Re < 60000 fora ﬂat plate)

for small arplitude two-dimensional dlsmrbancess.

Tne recults from experiments of the effects of two-dimensional roughness
or "ripping’ elements on boundary layer transition have been generally similar
to ihose of three-dimensional elements, although with some differences. The
rn-ugh.;es'- ‘oments used in these experiments were predominantly cylindrical
wires aitacnaed to the surface in a direction perpcndlcular to the oncoming flow.
The resuils of these experiments show the best correlation of the data by plottmg
the bcunvf_::_r;' layer transition Reynolds number as a function of the non~dimensional
rougimess height k/§*. However, a reasonzbly good correlation is also obtained
bv plottincr the transition Reynolds mumber as a function of the roughness Reynolds

number as was done for the three-dimensional elements Presented in this form,

TlLis was originally postulated by Schlller prior to any rough*xess experi-
moents. (Reference 20).

Reference 2, Chapter 16.

It is interesting that a region of infinite St&blhty exists for the type of dis-
turbance produced by a three-dimensional roughness element in that the
infinite stability region predicted by Tellmien should apply, theoretically,
only to small amphtude two-~ ornenolonal wave type dlsturbances

e
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the data indicate a critical roughness Reynolds number of RexmK 200. Again, as

*. for the case of three-dimensional roughness elements, a region of infinite stability

“is indicated in which the boundary Iayer is unai‘fected by a tripping element of any -
size. : .
The basic difference between the data of two-dimensioml and three-dimensional
elements is that for the two-dimensional element the point of transition does not move -
abruptly to the point of disturbance at the critical roughness Reynolds number, but’

instead apprbaehes the element rather gradually as the roughneés heyno}ds number _ /

is increased beyond the critical value. That the transition point approaches the - ya
roughness element rather gradually is explained by the argument that the two-~ £
dimensional element produces two-dimensional vortices which must develop inte
three—dimensional vorttcea before eventually dmmtegrating into ,.u iwn \enﬂei. On

L pgmen o t

three-dhnensional vortices, thus causing transition to move ra "

' These roughness element experxments have shown, as one \fmuld pivedict
from-the local nature of the disturbance, virtually no effeci of tue ioral Bousdasy
, iayer Reynolds number (provided the boundary layer is not mimf*sié‘s;ahaeﬁ '
pressure gradient, and free stream turbulence on the critical voig e s ”%53* 2 3
number. Furthermore, considermg the nature by whxch the rvu,,aness tements ‘
-cause. tr‘.nsitlon, one would not expect an appreciable mﬂue"*e of surface condition,
. suction quantity, vibration, or heat transfer as suggested inSection IV, Onthe -~ P
other hand, Mach number has been shown to have a significant zffect on the critical «7
roughness Reynolds number in the supersonic regime. The eritical rw.ghness ‘
Reynolds number has been found to increase with Mach number in the superaonic -
regime which is congistent with the increase in wake transition Reynolds m.mhar

with Mach number in the supersonic regime.

' Figure 1 shows the range of observed criticai rouglmess Reynolds mxmbers '
from several experiments both for cylind jrical and spherical roughness elements.

-1 ‘ A three-dimensional vortex is considered a néceséary prefequisite to
turbulence. o P _ ) T
’ : T ! . ;- 1.1 -
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n is of significance that the range of criticdl roughness Reynolds numbers for
both the cylindrical and spherical elements corresponds closely to the range

" of wake transition Reynolds numbers for these elements. Although the roughness
element Reynolds number at the onset of transition in the wake behind the element
fixed on the surface would not be expected to be exactly the same as that for the V
same element placed a finite distance from the surface, one would not expect a
great difference between the two conditions. B

An investigation of the velocit_v profile in the wake of a semi-cylindrical

two-dimensional roughness element was made by Liepmannl. The results of this

~ investigation indicated that at suheritical values of roughness Reynolds numbers,

~ the flow separated at the element, remained laminar, and reattached to the plate
forming a laminar boundary imyer, However, for supercritical value of rbugimess ,

Reynolds numbers, transition ocourred in iho sepa.rated free shear layer and the

"o Y AW A

reattached boundary layer was furbulants,

, In summary, the renuits of vou ghness wz=ment expenments are seen to
stroncrly support the hypctheses of Section ZV, namely that (1) the onset of transition

in the wake of a particle passiny through 4 !azsinar boundary layer is the critei‘ion

~ for the spread of turbulence into the aaiauenf laminar flow and (2) that the local
nature of the process rendsrs it indep ::‘en of the usual parameters which a.fect.

boundary'layer‘stability and s locativw of notural transition,”

'ENGINEERINGCO\SIDE wmm, T S

- Having revxewed the phys;cal characteristics of boundary layer tran<ition and
postulated a eriterion for the production of a turbulent spot by a particle passing
‘through the boundary layer, it is now appropriate to apply the results to the original
problem being investigated, that is, io determine whether or not the particles en-
.countered by the X-21 aircraft ave of suificient size, and remain in the boundary
layer for a sufﬂclent length of time, to cause turbulent spots. In addition, an equally
impor‘ant conmderatlon in connection with the cbserved degraded LFC performance

e \

" Reference 19. -

v —rrem e L -
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" high enough to result in 2 significant area of turbulence over the wing on a time-
v average basis. - ’ ' ’

in clouds and light haze is to determine”whether or not the incident pétﬁcle

flux is high enough to result in a discernible effect. That is, "occasional"

encounters of turbulent spots over the wing will not produce a discernible

'effect oma txme—average basxs. Then it is seen that three independent’ criter:a

must be satisfied to produce adxscermbie loss of LFC on a macroscopic time
scale: (1) The incident particles must be of sufficient size {i.e., sufficient

K particle Reynolds number) 'to'produce a furbulent spot; (2) the particles must

remain in the boundary layer for sufficient duration to introduce turbulence;
and (3) the incident flux of particies satisfying the first two criteria must be

Ice crxstal size. Qulm.,.isai“i1 @ guia i*om .aznpling ef ice particles in
natural clouds ispracticaliy »il. However, some quantitative statementgon,
"typical i&e i:article sizes 2nd crysialline strm,cure in cirrus cloud&l&g&%» gl
found in the literature. Refevence 21 states it ice crystals in cirrgs glouds '
are of a columnar configuration, typi ...‘y 2% o 200 microns long, with'a Iengﬂ:

 to diameter ratio varying from 2 to 5. Referenze 22 states that ice mmis in

cirro sti'atus clouds are tycicaily hexagponsl prisms approximately 160 dilerons. .

. in length and 40 microns in dismster. Refercrce 23 states that ice crystals .

in natural clouds below -25°C 2 predominanily hexagona.l prisms, wpiaaél i

~ 500 microns in length with 2 Jengih to diumeter ratio varying from one. to five. ..

Although dliferin,, in the ma iz 2 fo r typice! {:n crystil size, all three
references agreé on the predommnt erystaliine structure. Therefore, for the '-

‘current numerical study, ‘the ice cryutals encwntered in cirrus cloud and haze _

cqndxtions above 25, 000 feet will be assumed to be hexagonal_pnsms witha
length to diameter ratio of 2. 5. The size of the particles will remain a variable

‘of the problem,

The explanation for the equilibrium existence of ice crystals in clouds at =
conditions of relative humidity below 100% is that the saturation vapor pressure

“of ice is less than that of supercooled water and that relative humidity readings, i '
as a matter of convention, are referenced to the saturation vapor pressure of

supercooled water. Therefore, ice crystals wﬁl enst at relative humidxty
readings below 100%. - : v _

Tt
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talen as froe stream velocity.

R

An fce particle of the hexagonal prism configuration with a length to'
diameter ratio of 2.5 can probably be considered as a two &mmmal cylindar g

. from t’iae ;wint of view. of selecting the critical value of parﬁcia Reyml&s num-
‘ber for the onset of wake transition. > .On the other hand, the particle will -

probably act as a three-dimensional element from the standpoint of rapxd devel- R
opment of three-dimensional vortices, and assoclated turbulence, downstream

of the element due to vortex shedding from the endg Then, the cntxcal particle
Reynolds number, based on the particle diameter and the relative flow veloci_ty

* between the particle and the gas in the boundary layer, will be tak&x as

eorit © 150 (i.e., onset of wak.e transition for flow over a cyiinder) for the

fod 2 el “ea i Jtt‘luy-

. From pﬁrticle trajectory stndles deﬁning the velocxty of the garticles
relative ¢y the airfoil, along with vector addition of these velocities with the -

wanl ns vizjocities in the beundary layer, it may be shown that the m.udmum e .

h elatne 1.'eloc1ty between the particles of fnterest in the current smdy and the
c;s is. at some point in the boundary layer, at least equal to free stream veloo;ty
for all values of impingement angles. Therefore, the nominal value of. the o
reiative elacity between the particles and the gas in the boundm:y ia.yer will be

v

L e - ‘
Thea, based on R
rﬁ\e free stream velocxty, the critical particle diameter required to disrupt

iaminar flow is found to be 17 microns at an altitude of 25, 000 faet and 32 micrcms |

= 150 and the relatxve velocxty nommally equal to

at an altztuda of 40, 000 feet for a free stream Mach number of M = .75.

Particle duration. The average time spe—xt in the bomdary Iayer by a-
oartwle ‘impmgng within 1 foot from the. leadmg edge as measured along the

bl

: This appears to be substaritia ted by the data of Reference 16 for cyhndrical
. roughness elements of L/D =2. 5. o ‘
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mrfoil surfac:e:1 is estimated to be appro:dmately 1x10 -5 seconds. This is

~ based on a free stream Mach number of M _=.75 and an average boundary layer : - ’,:

thickness over the first 1 foot of surface of .03 inch. Further, it assumes
that the particles impinge the surface at free stream velocity relative to the :
surface and are specularly reflected at the same velocxty (i.e. , elastic nnpact

ona smooth surface).

A clue to the minimum duration’required to initiate a turbulent spotis -

" afforded by looking at the vortex shedding frequency of the particles. The peri- .

odic shedding frequency appears in the non-dimensional Strouhal number which
has been determined experimentally to be only a function of the particle Reynolds
number and the particle geometry. For the range of particle Reynalﬁa numberz;

and particle geametnes of intefest in the current study, the voriex %&%r;g g4 .8

frequency is approximately 1 x 10% vortices/second. This means. ', :
average, the number of vortices shed.by a particie in passin; threagy
boundary layer is of the order of 10. In the wake transition Rét"‘ nolgEs

Ay ey the -

4regime, these vortices are predominantly composed of turbumz*i Tk Ta

fore, the above considerations would indicate that the particzes rff nai

a turbulent spet.

Incident Eartxcle ﬂux. The degree of LFC performanae L:;“adatmn due
to partzcles passing thrcmgh the boundary layer is obviously dependent on ﬁm
incident part;cle flux as wen as the particle size and particle duratwn in the .
boundary layer. In order to relate the incident particle flux to the free-stréam
particle ﬂux, 2 and to substantiate the previous assumption that particles of

-

~':interes€: in the curre,nt'study may, to a first approximation, be assumed to
impinge the wing at free stream velocity in the region of the leading gxige, a

For spherical particle diameters less than 50 microns, at Teast 90% of all
particles that 1mpmge the airfoil will do so within-s =¥l ft from the leading
: edge. ‘ , . , . e
2.

“This ratio is more commo'xiy re’errcd to as the "collectmn efﬁc:ency "



. calculation of the particle impingement dynamics for the X-21 aircraft was
- necesséry. The particlé impingement dynamics have been evaluated from the.
‘general treatment of the problem given in Reference 26. This generalized
treatment gives various particle impmgement parameters as a function of free
stream velocity, air viscosity and denszty, particle diameter and density, and
airfoil size and shape for spherical pa,rticles. 'The results for the X~21 sircraft
are pi‘esented in Figures 3 through 5.for a free stream Mach number of Mm = .75
and altitudes of 25, 000 feet and 40,000 feet. The airfoil shape was approximated
by a 5:1 aspect ratio ellipse which is shown superimposed on a iypical X—-Zl wing
cross-section in Figure 2. The 5:1 ellipse approximation is seen to be a very
good representa;ion of the true airfoil section within the region of possible parti~ -
 cle impingement (i.e., the first 25% chord). The particles were assumed to be
solid ice crystals of 0.9 densxty and neutrally charged such that no s-*.ahv-eleanc
" forces emst. ' S . : Bt

For the above cm_xditidns it is seen from f‘igure 3 that particles iags ﬁ’ia@
4 microns in diameter will not impinge on the airfoil surface wnile 'ga,rzic!é"
- greater than approxxmately 50 microns will 1mpinge at very noax’ tv frpe STEED
velocity and free stream intensity in the proximity of the lealing cage. Sidtar
results were obtained by approximating the leading edge of tha wing hv an eqaw‘
alent cylinder and utilizing the results of Reference 27 wlzici* prvse::t:a a gemm‘ :
' treatment of particle 1mpingement ona cylinder. Lo /

, Figures 4 and 5 show the local particle collecticn efficwncy for partxcles %
of various sizes at altitudes of 25,000 feet and 40, 000 feet, .respectively. 'I‘he

slightly’ broader intensity distribution at 40, 000 feet primarily reflects the =

reduction in air density, and hence, 2 reducnon in drag force or influence of the

airflow on the particle tra}ectory.

Hav’ing determined the local incident partzcle ﬁux in torms of the frec.
. _stream particle flux, the 1ocal duratwn of partxcles in the boundary layer, and
' knowing the growth dynaxmcs of turbulent.spots, one may. estimate the free
siream parncle flux necessary to give a specified time-avera ged turbulent area |
- of the X~21 wing produced by particles passing through the boundary layer. -

-16-
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, Further, itisa sm:ple matter to relate the free stream particle flux to particle

. ‘concentration, or cloud density, and free stream velocity. Then one can relate’
" the time-averaged turhulent area produced by particles passing thmagh the bound-
ary layer direetly to the cloud denszty and free stream velocity. i

' Visibxligg The parncie concentration, or density, of clouds and haze is
usually expressed in terms of a particle weight per unit volume. Although ‘
expressing cloud depsities in this manner is precise in a quantitatwe sense, it
lacks tangiblhty for those not accustomed to thinking in these terms. On the
.other hand, expressing cloud densities in terms of msibihiy provxdes a more
tangxble, athough less quann..atwe, means of expressing cloud densities. - . e :

An equation has been derived .vmch relates vz.sxbilit:f to parﬁole size a.nd _
concentration, where vxs:rrhty has been armtrarﬂy defined as 90% sight attemx-‘ S
ation. That is, when looki ng at an object through a cloud of particles, the limit
of visszhty was defined as whe cloud apiicy) thickness at whmh the object was
90% obliterated by particles Letween the obcerver and the obieot. The geneml

‘ ) va]idxty of the equation was suhstantiated by favorable comparzson to an empirica.l
~curve of visibility as a function of particle concentration for the special case of.
fog and low clouds and was then appli ed to the hlgh altitude ice clouds of interest '

“ow

. in the current study.

- v DISCUSSION OF RESULTS

, The results obtmned from the engmeenng con sideratmns delineated in tho
previous section are presented in Figures 6 and 7 for almudes of 25, 000 feet and

40, 000 feet, respectively, and for a2 free stream Mach numbexr of M = 75, The
ice pamcle configuration is assumed to be a hexagonal prism with a Iength fo

' diameter ratio of 2.5. Althcugh presantm«" the results in terms of an eqmvalent o
sphere dizmeter offers convenience and, at first impression, might appearto | e
give more generahzation to the results, it was avoided in that it introduces _
ambiguity and begs errdneous conclusions. For instance, the "equivalent sphere"
from the standpoint of particle volume equx,valence is different from the :

S ) : TR P



. - particle collectxon efﬁciency with partz.cie size which was observ":z \y .."rzres B
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: "equivalent sphere" from ‘the standpoint of turbulence production equi\}alenoei.
. Therefore the only unambiguous way of presentmg the resuits isa presenw.tlon

for Si)em.ﬁc ice particle geometries._

Figures 6 and 7 sho&’é the estimated region of degraded LFC performance
over a wide range of particle sizes and free stream particle flux levels. The region
of degraded LFC per formance is bounded on the left by a constant cntzcal particle
size, below which it is estimated the partlcles are too small to cause turbulence.
’The region is bounded from below by the boundary labeled "threshold of erratic

§ {'operation, " below which the partmle flux is too low to cause a significant Ioss of

LFC, even for large particle s:zes. The "threshold of erratic operation” boundary

was arbitrarily defined and calculated as a time-average 10% eree of turbulenne

produced by particles over the wmg

In the uppez half of the region isa lme separatmg the mgw
performanee into "partial loss of LFC™ and "total loss of LFC." !
ponds to the estimated impending level of partxcie flux which iust, eeeiﬁ;x f‘ugmp &%@e« -
-averaged 100% turbulent wing area. Although the incident fiux t‘o“ a gx"e'zupercen*age
of turbulent wing area is not dependent on particle swes for particlewtzas grester
than the critical value, the required free stream flux to give a ¢ *ef'iﬁea turbulent
is seen to decrea.se with particle size. This reflects the ingrdnse

sv..

ihroﬁgh 5. o '

The upper boundary of the region of degraded LFC performance is the mexinmm
anticipated ice crystal concentration in clouds at 25, 000 feet and 40, 000 feet.
Reference 26 gives this maximum as approximately 1 0 gm/ M3 while Reference 25
gives a maximum of 0.1 gm/M3._ Personal» observations by X-21 Flight Test pilot,

o As an example, at 25, 000 feet the crttical partxcle size is seen to be 17H x

42 pbased L/d=2.5. The equivalent volume "equivalent sphere" is D = 27H.
On the other hand the critical size for 2 true sphere at this condition

‘is estimated to be D = 68 due to a higher critical partical Reynolds number
for ..he sphere than for a cylinder. (See Figure 1) o

&
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Dick Thomas, based on visibility consideratioxis, tend to favor the formér

'numberl. ' .

Tangibility is introduced into Figures 6 and 7 by showing various lines of
constant visibility. In addition, a "typicall" cirrus cloud condition as defined in
Reference 22 is shown in which the ice particles are of the hexagonal prism con-

figuration, 100ux 40y in size, and in a concentration of . 01 gm/M3. ,

Although no quantitative correlation of the X-21 LFC performance as a
function of cloud and haze parameters exists, the results of the current study
appcar to be in good agreement with qualitative observations of the X-21 LFC
performance in clecuds and haze. TFor example,' total loss of LFC has been observed

ey s
A

. PN
ccr. This i

w

in good agreement with Figures 6 and 7 which would predict
iotal iezs of LFC for visibilities of the order of 5,000~10, 000 feet and for typical A
pariicle sizcs greater than the critical size. Another example is that LFC perfor-
raence has besn observed to be erratic and partially degraded in conditions of |
light haze, where light haze has generally been described by flight test engineers
and tlight test piiots to be approxin?ately 30 - 60 miles horizofxtal Viéibility. This

i in good cunlitative agreement with Figures 6 and 7 which would predict a moderate

LF¥C rerformnnce degradation for a visibility condition of 50 miles and particle sizes

q

reazar than the eritical size.
. b

: Ecfore ending this section, a comment should be made on the effect of particle .
size distribuvrion on the interpretation of the results of the current study. The ‘
results presented imply ‘ghat at a given condition either all of the particlesina cloud _
are greater than the critical particle size or all the particles are less than the
critical p:irticle size. This condition is closely approximated if the _avemge particle

sizc at a given condition is significantly greater than, or less than, the critical

-particle s:ze and the size distribution spectrum is relatively narrow. If the average

Cirro-Stratus clouds have been observed at both 25, 000 feet and 40, 000 feet

in which visibility has been reduced to approximately 300 feet. Visibility

- of this range is seen from Figures 6and 7 to favor an ice particle concentration
v of 1 gm/M3, S '
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particle size is close to the critical particle size, and the size distribution function
is not sufficiently narrow, the above condition is not closely approximated. The

result would be an over prediction of the effect of clouds for particle distributions

" giving an average particle size only slightly greater than the critical particle size,

and an under prediction for particle distributions giving an average particle size
slightly 1ess"than the critical particle size. As an example, without consideration
for size distribution , if the particle flux is 106/séc. 1% and the particle size is

601 x 24 pin Figure 7, one wouid prediét there is no effect of fhis cloud condition

on the LFC performance. On the other hand, if the particle flux is 106/ sec. ft2

and the aveliage size particle is 60! x 244, but 10% of the particles are greater than
801 x 32H thus giving'los/sec. ftz of particles greater than the critical particle size,

one would predict a moderzte degradation in L¥C performance.

MOMENTUM INTERCHANCGE

One other mechanism by which partizles passing through the boundary layer
might potentially cause premature transition wns investigated. The mechanism
considered was a direct inwrerohange of momerium between the particles and the gas

in the boundary layer.

Consider a particle pas:ing thruugh 2 boendary layer as shown below:-




In traversing fhrouvh the boundary layer a time dependent drag force in the
X-direction results from the X-direction velocity differential, u(y) - pr.
resulting drag for ce integrated over the time spent in the boundary layer gives
the impulse exchanged between the particle and the gas in the boundary layer.

Multiplying this impulse by the flux of oncoming particles gives a force per unit
This force acts to decelerate the flow for large impingement
In fact, the

The

~ length of surface.
1, X
angles” in the same manner as an adverse pressure gradient.

phenomenon may be evaluated in terms of an equivalent adverse pressure gradicnt
This has been done for the current study. The results of a numarical calculation
for the X-21 aircraft show that the particle flux is far too low to result in 2 signifi-

cant momentum interchange, or adverse pressure gradient.

1 Assuming a Blasius velocity profile, this force acts to accelerate the boundary

layer for 1mpmgement angles less than 409,



' IX. CONCLUSIONS

o

" The conclusions derived ﬁ'om'th@e current study are as follows:

1. ‘The onset of transition in the wake ofa part:ele in passing ﬂn'azgh a
laminar boundary layer is suggested to be the cnterion for the spread
of mrbulence into the adjacent laminar flow.

2. The disturbance produced by a partlcle in passing through a, la.minar

" _;boundary layer is localized in time and space and is therefore independent -
of the usual parameters which affect the boundary layer stabihty and point
of natural transitisn. . ‘ L R SRR

5. The size of “typ:ca 1 jee nry aizla in clﬂuds above 25, 000 feet is prahabiy
greater than the c: itical size required io initiate a turbulent spot inthe
 boundary layer of the X-21 aircraft. The critical diameter is estimated =

to be 17 microns and 32 microns ot clitudes of 25.' 000 feetand 40, 000 ifeet; '

respectively. 2 o Pl A O f s
4. The duration of a parrisle in pas.::rfr s rough the boundary hyer is probably

e an order of magn.mde greaivt than the minimum time requu‘ed to initiate’
a turbulent spot in the boundary layer of the X-21 aircraf't

" 5. The incident ice p:zrtzc.ue flux in cirius clouds of harxzonwl visibility of th e
;order‘ of 5,000-10. £00 feet is pr cdmted to be high enough to result in total
loss of LFC on the X-21 aircrafi.

‘6. The incident ice ;Jartmle fiux in light haze is predicted to be high enough
to result in degraded LFC performance of the X—zl alrcraﬂ:. :

7. The results predicted by the current study appear to be in good agreement
with quahtatzve chservations of LEC performance of the X-21 aircraft in

. clouds and hght haze. t _
i 8. 'A. calculatmn of the momentum im‘erchange between ice particles and gas

in the boundary layer indicates this phenomenc_m to have an insignificant
effect on LFC performance of the X-21 aircraft. - :

.22 -



RECOMMENDATIONS TOR FOLLOW-ON WORK

The preliminary analyses of the effects of various thermodynamic and
mechanical atmospheric phenomena on the L¥C performance of the X-21 aircraft

" are concluded. These analyses have provided probable identification of the basic

mechanism causing degraded LFC performance in clouds and light haze. Continued
effort in the area should be predominately experimental in nature, although study of
the mechanism of boundary layer transition phenomena should he carried on ia

parallel. Experimental investigations of the'transition of a laminar boundary layer

caused by particles passing through the boundary layer should preceed along two

lines: (1) controlled laboratory experiments, and (2) flight testing.

o]

Controlled laboratory experiments offer several advantages cver Jizhi tesiing.
In the controlled experiment, the fundamentals of the problem .an be exarired in
detail, thereby enhancing one's basic understanding of the prcinzm. Conevalizad

criteria may be sought out such that the results obtained are not restricted ti: onn

~ configuration at one operating condition. On the other hand, flicht testing provides

evaluation of the gross characteristics of the problem for 2 giver corfiguration at

- limited operating conditions; but provides little-insight to undexsta :Jinz the furda-

mentals of the problem and does not provide data of a generaliz«< nature whic): muz
be applied with confidence to predict the performance of cther ccufiguraiions cperal-
ing at other flight conditions.

§

Controlled Laboratorv Experiments

Investigation of this problem by a series of controlled ¢xpuriments should
probably begin with a "simple-minded" experiment in which single particles are
suspended within, or bounced through, the boundary layer over a {lat plate parallei
to the flow and a flat plate in stagnation flow. Suspending a particle within a
boundary layer {or other shear flow) would allow study of the development of the
particle wake in a shear flow, and the mechanism by which turbulence is spread to
the adjacent laminar flow. A critical particle Reynolds number could be obtained

in this manner. DBouncing particles through the boundary iayer would introduce

-23 -




: ‘more realistic dynamics into the probleml but provide less opportunity to coi'relaté o
" particle wake characterisfics to the onset of transition in the bouudary iayer In

- either the case of suspendmg a particle within the boundary layer or bouncing ,

particles through the boundary layer, the fluid utilized, the range of freg stream

- velacities selécted, the drop velocity of the particles for the latter case, and the

. plate size would be chosen to give a thick boundary layer so that the range of

particle sizes would be large rather than microscopic. It would probably be desir-

able to superimpose the, effects of free stream turbulence, suction, and surface

_condition into these tests. . . I s A '

Fundamental experiments of the type deseribed above would lead to more
elaborate experiments in which controiled particle sizes were introduced into the
- freestream in large numbers, and the fint’ plate replaced by airfoil fo give befter &
simulatwn of particle impmae.mwu agmmxu and to introduce tbg eﬁect Of pressure ‘%

‘Z’?”.
i

gradient.

| Flighi'restggg PR T ae

The problem of evaluatint, g the effect of ice x:eu;'ticles». aon the LFC performance
-of the X-21 aircraft by flight testmg was discussed in a recent meetz&;g with Meteoro~
logical Research Tne.? The priaary sbjeetives <hould be to: (1) e%abhsh a g
_ correlation of LFC performangs with lve parth,ie concenjration and size distmbution*"”z :
" and (2) establish, ‘on a statistical- basls, typical Jevels of ice concentrations, particle o
configurations, and size distributions at altitudes between 25, 000 and 40,000 feet.
Ideally, the data from objecﬁw (2}, when combivwd with the results of the controlled
laboratory experxments, would aliow one to predict the effects of ice particles on

the LFC perfcrmance for any gereral LFC nircraft at any flight condxtzon.

_‘1 . One would have to be careful o insure that the partlcle unpact would not
_produce undesxrable vibratxm side efiects.

2 _ A summary of thls meetmg is gwen in Norzir Memo 1931-64-87
B P
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The instrumentation selected to sample the ice parficles in the flight test
operation should be capable of sampling all particles greatef than approximately
4 microns in diameter. Although the flight test results will provide LFC perfor-
mance for various combinations of ice particle concentrations and size distributions,
it may be difficult to determine the critical particle size and particle fluxl from
these data. For instance, given one measurement of degraded LFC performance and
their associated ice particle distribution spectrum, one doesn't know whether only
the largest 10%, the largest 50%, or the largest 90% of the particles are causing the
degraded LFC performance. However, given several measurements of LFC per-
formance and their associated ice particle distribution spectrums, one could protably
extract the critical particle size and critical flux level by simultancouz cersideraiion
of the data, provided there were various degrees of overlap in the puriicic size

distribution spectrums.

If the critical particle size cculd be ascertained from the data, the critical
particle flux can'also be established. '
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APPENDIX

‘The probable mechanisxh by which turbulence is introduced into the
laminar boundary layer by particles has been discussed in detail in the body
of this report. The mechanism proposed is that of shedding turbulent vortices
from the wake of the particle into the adjacent laminar flow. Although this

appears to be the probable mechanism of turbulence introsuciicn into the iocal

flow, another possible mechanism has been considered which resulls in 2pproxi-

mately the same value of critical particle Revnolds number as that of the shed-
ding of turbulent vortices. This criterion is that when the vorte: sheddiag
frequency falls within the range of frequencies for disturlt .ice amplification ag

predicted by Tollmien instability theory, turbulence will ¢iveing v the flow

downstream of the disturbance.-

Although Tollmien instability considerations theorctinally apply only iz
small amplitude two~dimensional waves, it is of interest to noi= thal a rezion

of infinite stability has been observed experimentally for th:s2-dimensionnt

closely to the region of infinite stability predicted by Toliniic. tasiaiiieg
theory for small amplitude two-dimensional waves. This ‘cads one o conzidler
the possibility that a three-dimensional periodic disturbanc: of . s3sme

frequency predicted to be critical by Tollmien instability theory micht be

-amplified to a subsequent turbulent condition.

The critical Reynolds number at which the vortex shedaing Ireguency

o

lies within the range of frequencies predicted for disturbanice amplification

by Tollmien theory has been determined to correspond to the initiation of

vortex shedding for a sphere and is found to lie between the initiation of
vortex shedding and the onset of wake transition for a cylinder. It is curious
that the vortex shedding frequency lies within the range of disturbance amplifi-

cation frequencies for any value of Reynolds number in that the range of .

eritical frequencies at any Reynolcs number as predicted by Tollmien instability

k3

theory is a relatively narrow band. That the vortex shedding frequency lies

.y
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within this band is probably coincidental, although at the same time should
not be entirely discounted as a possible criterion of turbulence initiation.
The critical particle Reynolds number based on this criterion is approximately |

one-half the value for the criterion of wake transition.




